In this study, we compared the performance of two control systems, fuzzy logic control (FLC) and conventional control (CC). The control systems were applied for controlling temperature and substrate moisture content in a solidstate fermentation for the biosynthesis of amylase and protease enzymes by Aspergillus oryzae. The fermentation process was achieved in a 200 L rotating drum bioreactor. Three factors affecting temperature and moisture content in the solid-state fermentation were considered. They were inlet air velocity, speed of the rotating drum bioreactor, and spray water addition. The fuzzy logic control system was designed using four input variables: air velocity, substrate temperature, fermentation time, and rotation speed. The temperature was controlled by two variables, inlet air velocity and rotational speed of bioreactor, while the moisture content was controlled by spray water. Experimental results confirmed that the FLC system could effectively control the temperature and moisture content of substrate better than the CC system, resulting in an increased enzyme production by A. oryzae. Thus, the fuzzy logic control is a promising control system that can be applied for enhanced production of enzymes in solidstate fermentation.
Hydrolytic enzymes such as protease and amylase are of central importance in both physiological and commercial fields. Protease and amylase are widely used in various industries such as the animal feed industry, leather industry, brewing industry, dairy industry, and food industry, and in laundry detergents. Aspergillus oryzae is known to produce these enzymes in considerable amounts with commercial success [1] . Because of the great economic value of these enzymes, we have focused on optimization of the solidstate fermentation process for maximal production of these enzymes by A. oryzae.
Two operating parameters that are critical for growth and enzyme production of A. oryzae in solid-state fermentation (SSF) are temperature and substrate moisture content. High temperature and high moisture content can inhibit cell growth and enzyme production. Previous studies have shown that the optimum culture conditions for A. oryzae are temperatures around 34-38 o C and substrate moisture content approx. 40-50% [2] . The temperature and moisture content of the SSF process in a rotating drum bioreactor are dependent on inlet air velocity, rotation speed, and water addition during the fermentation [3] [4] . These variable parameters must be controlled simultaneously in order to achieve optimal temperature and moisture content for maximum growth and enzyme production of the fungi.
Mathematical models describing heat transfer in rotating drum bioreactors have been reported by Hardin et al. [8] and Mitchell et al. [12] . The developed models were applied to control the heat transfer during solid-state fermentation. A balance between heat generation and heat removal must be maintained during the SSF process. This solution, though simple and effective, is a static model and cannot describe nonlinear behavior during solid-state fermentation resulting in non-optimal energy and electricity consumption during the time course of solid-state fermentation.
Hence, it is obvious that solid-state fermentation in a rotating drum bioreactor is an unsteady and nonlinear dynamic process that cannot be wholly described by a single mathematical model. In addition, the fermentation process involves multiple operating parameters. Thus, a nonlinear, multivariable process control is essential for controlling the SSF process. Fuzzy logic control (FLC) is one of the automatic fine-tuning control systems that can handle nonlinearity and multivariables of a process. FLC is a computational algorithm based on knowledge-base rules that deal with qualitative information and linguistic expressions [7] [8] [9] [10] . The FLC characterizes variable input and output of a process in the forms of membership functions, where the degree of membership in each fuzzy set is defined as real value that ranges from zero to one. The fuzzy control can be set by using the empirical knowledge gained from the experience of control (knowledgebased model) or by employing membership functions and IF-THEN rules based on the relationship information between variable input and output. The fuzzy logic control model has been proven to be an effective automatic control system for bioprocesses [11] [12] [13] . The model has also been used for designing control systems in several chemical and biochemical processes. Examples of process control using the FLC model are pressure and level controls in an activated sludge wastewater treatment process [14] , level control of sediment and dissolved oxygen control in a wastewater treatment process [15] , and process control of a fluidized bed combutor [16] .
In the present work, we applied the fuzzy logic control to optimize the heat and mass transfer during solid-state fermentation process of A. oryzae in a 200 L rotating drum bioreactor. Specifically, the FLC was used to control temperature and substrate moisture content at the optimal level for maximum production of protease and amylase by A. oryzae. The temperature was controlled using inlet air velocity and rotation speed as input variables. The moisture content of the substrate was controlled using spray water addition as the input variable.
MATERIALS AND METHODS
Fungal Strain, Culture Medium, and Maintenance Aspergillus oryzae strain 4A was obtained from the Department of Science, Mahidol University, Bangkok. The strain was maintained on PDA agar at 30 o C for 5 days before being stored at 0-4 o C for a month. The culture medium used for solid-state fermentation was soybean meal, which was obtained from Greenspot Co., Ltd (Thailand). The soybean was crushed to less than 2 mm before use. The crushed soybean moisture content was adjusted to about 50% ± 1% of wet weight, and then sterilized at 121 o C for 15 min. In the SSF process, crushed soybean was added to a rotating drum bioreactor at 30% of total volume or about 22.4 kg and at 50% moisture content. 
Inoculum Preparation and Culture Conditions

Rotating Drum Bioreactor Operating Conditions
The solid-state fermentation experiments were carried out in a rotating drum bioreactor, which is a stainless steel tank of 2 mm thickness, 50 cm diameter, and 100 cm length. The maximum volume capacity of the bioreactor is 196 L. The bioreactor is equipped with a 0.5 hp motor and inverter with adjustable rotation rate of 0-5 rpm and with a thermocouple to monitor the temperature of the medium and air during fermentation. An air compresser equipped with a valve was used to control the inlet air velocity. Controls were performed using the LabVIEW 7 Express program.
Measurement of Moisture Content
The moisture content of the culture medium was measured by weighing approximately 2 g of medium in an aluminum blow and drying in a hot-air oven at 105±2 o C for 6 h or until the weight became constant. Samples were taken in triplicates for measurement. The moisture content of the medium was determined as follows:
(1)
Biomass Measurement
Biomass was measured using the glucosamine assay [17] . Glucosamine was extracted using the method of Aidoo et al. [1] and measured at the optical density of 650 nm. The concentration of glucosamine was determined from the standard curve. For each time point, three samples were taken for analysis.
Assay of Enzymes
The amylase enzyme activity was measured using the dinitrosalicylic acid method [19] . One unit of amylase activity is defined as the amount of enzyme required to hydrolyze starch into 1 µg of glucose in 1 min at 50 o C and pH 5. The method of Anson [2] was used for the assay of protease. One unit of protease activity is defined as the amount of enzyme required to hydrolyze kesin into 1 µg of tyrosine in 1 min at 50 o C and pH 8. Samples were taken in triplicates in each time point for analysis.
Fuzzy Logic Control of Solid-State Fermentation
The fuzzy logic control was used to control the solid-state fermentation in a rotating drum bioreactor. The program used for fuzzy logic control is LabVIEW. The details of fuzzy logic control used in this study are as follows. 
, and speed of the rotating bioreactor (rpm). Each parameter was assigned to the appropriate membership functions and truth values. Three set of logic values for each parameter are summarized in Table 1 . Two operating parameters, temperature and substrate moisture content, were considered as fuzzy output variables. Rule base. A rule base used in fuzzy logic control system was formed using the following relation:
Rule Base = a
where a is the number of membership functions and n is the number of control parameters. These rules generate the control action on the operating parameters. The number of rules for each parameter is given in Table 2 . Rules of fuzzy logic used have been provided in Supplementary Table S1 . The relationship values used in implementation of the fuzzy controller were obtained from experimental data of the fermentation in a rotating bioreactor using a conventional controller. The data were used to determine membership functions of all parameters used in the fuzzy logic model.
RESULTS AND DISCUSSION
Design of Fuzzy Logic Control System
A fuzzy logic control system for solid-state fermentation in a rotating drum bioreactor was described by triangular membership functions, with three fuzzy sets for each parameter. The LabView program was used to collect realtime data of substrate temperature, inlet air velocity, and rotation speed of the bioreactor. The data were collected every 10 min for 70-72 h and used to determine the maximum and minimum membership values of the fuzzy logic. We first used fermentation data from a conventional control system in developing the fuzzy control system, named fuzzy logic control No.1 (FLC-No1). The FLCNo1 was used to automatically control the solid-state fermentation process in the rotating bioreactor. The data parameters obtained from the automatic control using FLC-No1 were used for developing the new fuzzy system, fuzzy logic control No.2 (FLC-No2). Triangular membership functions with three fuzzy sets for each parameter of the FLC-No1 and FLC-No2 are compared in Fig. 1 . The developed fuzzy control system FLC-No2 is expected to be the most effective control system for solid-state fermentation in the rotating bioreactor used in this study.
Temperature Control by Inlet Air Velocity
During the exponential phase of A. oryzae, there was a rapid increase in fermentation temperature due to heat generated by cell metabolism. Thus, the objective here was to maintain the fermentation temperature at the optimal range of 34-38 o C during the exponential phase 20-36 h after inoculation. The performances of the automatic temperature 
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temperature control were compared (Fig. 2) . The temperature of the solid-state fermentation process in the rotating drum bioreactor was controlled by inlet air velocity using three control systems; conventional control (CC), fuzzy logic control No. 1 (FLC-No1), and fuzzy logic control No. 2 (FLC-No2), as shown in Fig. 3 . The inlet air velocity increased when the temperature increased, and stopped when the fermentation temperature was below 25 o C. The fermentation temperature overshot above the control range when the conventional controller was applied. A similar result was observed in the temperature control using FLCNo1. This is expected because FLC-No1 was developed based on experimental data from the conventional control system. Although both control systems failed to maintain temperature within the control range, the FLC-No1 required less time in returning to the temperature control range than the CC. The temperature was well-controlled within the control range during the exponential period when FLC-No2 was used. Using the FLC-No2, we observed that the temperature dropped below the optimal range after approximately 33 h of fermentation. This temperature undershoot by FLC-No2 had much less effect on cell growth and enzyme production than the temperature overshoot by CC and FLC-No1. The results indicated that FLC-No2 achieved better temperature control than the other process controls.
Temperature Control by Rotation Speed
Rotation of be bioreactor helps to disperse the heat that is generated during solid-state fermentation. In this study, the fermentation temperature was controlled by varying the rotational speed of the bioreactor. Previous experimental data have suggested that for optimal growth and enzyme production of A. oryzae, the rotational speed should be low during the early period of fermentation. Therefore, the FLC systems (FLC-No1 and FLC-No2) were designed such that the rotational speed was initially at a slow rate, and was increased with fermentation time to compensate for the increased temperature (Fig. 4) . Temperature control using the CC system was conducted by setting the rotational speed at a constant rate of 2 rpm. As shown in Fig. 4 , the FLC-No2 was the only control system that could control temperature at its optimal range. Comparison of temperature control for the SSF process using CC, FLCNo1, and FLC-No2 is shown in Table 3 . Moisture Control by Spray Water Addition High moisture content has an adverse effect on the growth of A. oryzae because water will restrict the permeation rate of oxygen to the cell [21, 22] . The moisture content of the substrate changes during fermentation mainly as a result of evaporation. The optimal moisture content for growth of A. oryzae during the exponential phase (24-40 h of fermentation time) is 40-50% of substrate dry weight. Here, the moisture content of the substrate was controlled by adjusting the spray water. The moisture content controlled by spray water addition using CC, FLC-No1, and FLC-No2 is presented in Fig. 5 . In the CC system, the substrate moisture content was measured every 3-4 h. Based on the measured values, the amount of spray water was added to maintain the moisture content at the optimal level. The automatic system for moisture control using FLC-No1 was developed based on experimental data of the CC. For Amylase activity (unit/g-dry substrate) 80,000-100,000 60,000-70,000 85,000-110,000
Protease activity (unit/g-dry substrate) 4,000-5,000 3,800-4,000 7,800-9,000
The results were obtained during exponential growth phase of A. oryzae. Triplicate samples were taken for measurement.
moisture control using FLC-No1, the computed amount of spray water was fed into the bioreactor every 15 min. FLCNo2 was then developed based on the real-time data obtained from the FLC-No1. Results given in Fig. 6 revealed that both CC and FLC-No2 were effective in maintaining the substrate moisture content within the control range during exponential growth of A. oryzae. The performance of the CC, FLC-No1, and FLC-No2 systems for moisture control in the solid-state fermentation process is summarized in Table 3 .
Growth of A. oryzae in Solid-State Fermentation
The time profile for growth of A. oryzae in the SSF process using the CC, FLC-No1, and FLC-No2 systems (Fig. 7) suggested that FLC-No1 was the best control system for the optimal growth of A. oryzae during 0-20 h of fermentation time, whereas FLC-No2 was the best control system for growth of A. oryzae during 20-40 h of fermentation time. The results observed here suggested that a different control strategy is required for the different culture phases. Thus, the fuzzy rules used in the FLC system should be changed during the culture period to match the physiological state of the cell for a precise control of process variables of the cell culture. It should be noted that growth was still observed after 40 h of fermentation using the conventional control. This could be a result of spray water addition into the bioreactor by the conventional controller around 36-40 h. Overall biomasses of A. oryzae in the solid-state fermentation process using CC, FLC-No1, and FLC-No2 are compared in Table 3 . The fuzzy logic control system FLC-No2 yielded the highest overall biomass compared with the other control systems. Biomass achieved by FLC-No2 was approximately 1.2-folds higher than that achieved by the CC system and approximately 1.5-folds higher than that reached by the FLC-No1.
Enzyme Production of A. oryzae in Solid-State Fermentation Time profiles for enzyme production by A. oryzae in the rotating drum bioreactor using the three control systems were compared (Fig. 8) . Based on the results, FLC-No2 was the most effective control system for enhanced production of both protease and amylase. Enzyme activity of A. oryzae in the solid-state fermentation process (Table 3) showed that the fuzzy logic control system No.2 yielded the highest enzyme activity, which was 1.1-folds higher than the activity obtained by the conventional control and 1.4-folds higher than the activity obtained by the fuzzy logic control No.1. Temperature and moisture content are two important factors for optimal growth and enzyme production of A. oryzae in solid-state fermentation. In this study, we proved that a fuzzy-based control strategy can control these factors in a rotating drum bioreactor effectively. We also showed that the designed fuzzy control system enhanced the production of biomass and the enzyme production of A. oryzae. Thus, the fuzzy logic control is regarded as a promising automatic control system that can be applied to the control of culture parameters in a solid-state fermentation process. The FLC model presented in this study may also be used for optimization of other industrial solid-state fermentation processes.
